ABSTRACT In device-to-device (D2D) communications underlaying cellular systems based on the cloud radio access network, including distributed remote radio heads (RRHs) and centralized BaseBand Unit (BBU) pool, due to dense deployment and spectrum reuse, there are strong intra-cell interference and inter-cell interference, which will severely degrade both the energy efficiency (EE) and the quality of service. To address this problem, we propose an energy-efficient resource allocation scheme to determine channel selection and power allocation by introducing the relay-aided in-band D2D communication mode and the non-cooperative game theory. We explore the above resource allocation problem in a hybrid manner and model it as a non-cooperative game, where each player optimizes its EE individually with the aid of RRHs. Then, we alleviate the inter-cell interference from the cellular UEs near the cell edge by allowing these UEs to select in-band D2D relay links to shorten the long transmission distances between them and RRHs. Moreover, the interfering signal processing load of the BBU is lowered due to the reduction of the interfering signal strength, and the EE is improved due to the reduction of transmission powers of these cellular UEs. The achievable performance of the proposed scheme is analyzed through simulations.
I. INTRODUCTION
With the increasing pervasiveness of wireless terminals and mobile devices (e.g., tablets, laptops, smartphones, mobile TVs, wearable devices, and Machine-to-Machine (M2M) modules), traffic from them has an explosive growth, which will account for more than 63 percent of global IP traffic (i.e., 3.3 ZB per year) by 2021 [1] . Meanwhile, the large number of these mobile devices with smart sensing functions are the base of Internet of Things (IoT) in smart cities, where vehicular wireless networks and vehicular ad hoc networks [2] - [6] have attracted great interest from researchers to address their performance problem. However, in smart cities, the cellular system is also important because it offers a way of communication between the IoT and the core network (if necessary).
It is well known that the dense deployment of cellular base stations or wireless access points is an effective means of network capacity improvement. However, it requires huge investments from mobile network operators.
Cloud Radio Access Network (C-RAN) is a new RAN paradigm that helps to reduce capital and operational expenditure costs for mobile network operators. Such a novel cloud architecture is firstly introduced by China Mobile Research Institute [7] in the current Long Term Evolution (LTE) and upcoming cellular standards (e.g., the fifth generation mobile communication network (5G)), which mainly consists of BaseBand Units (BBUs) in a central cloud pool and Remote Radio Heads (RRHs) in a cellular coverage.
Since the functions in terms of Physical (PHY), Medium Access Control (MAC), Admission/Congestion Control (A/CC), Radio Resource Management (RRM), Network Management (NM) are specified to be handled by BBUs, a low-latency and high bandwidth fronthaul network is needed to connect BBUs with RRHs. Only the transmission of radio signals is handled by RRHs, whereas all other signaling and baseband processing, including wireless protocol stack processing, is done in BBUs [8] .
On the one hand, the ultra-dense deployment of the lowcost RRHs increases the wireless access capacity. On the other hand, it causes serious interference in both intra-cell and inter-cell. In addition, there is also front-haul capacity constraints in C-RAN. In the face of various content sharing services, if users with common interests are in the proximity of each other, Device-to-Device (D2D) communications [9] can be adopted to enable them exchange information over a direct link, which avoids forwarding data through RRHs, and thus reduces the load on fronthaul networks.
In addition, in many mobile Internet applications (e.g., healthcare, monitoring, logistics, and smart cities), there is a need for massive data collection. Mobile crowdsensing is recognized as one of the most important technologies contributing to these applications. Smartphones are usually equipped with a rich set of sensors (e.g., GPS, accelerometer, camera, microphone, and gyroscope), which is the main force in mobile crowdsensing activity. Huge amounts of perceived data need to be transmitted to the cloud processing center, which requires wireless access networks to offer a large upward capacity.
As mentioned in the previous text, C-RAN can gain potential huge network capacity by densely deploying RRHs, but serious interference in both intra-cell and inter-cell prevents this potential ability from working. For example, on the one hand, energy-limited User Equipments (UEs) will quickly run out of battery capacity; on the other hand, the strong inter-cell interference may lead to bad QoS experience.
To address such problem, the literature [10] presents the energy-efficient resource allocation scheme, which consists of the distributed resource allocation game for each UE's optimizing its Energy Efficiency (EE) with the aid of distributed RRHs, and the centralized interference mitigation algorithm for improving the QoS performance of cellular UEs.
In [10] , the interference coming from in-band D2D UEs can be mitigated by dynamically optimizing maximum transmission power constraints in the BBU pool, while the inter-cell interference can be mitigated by the centralized algorithm running in BBU pool. However, since the transmission powers of cellular UEs at the cell-edge cannot be effectively reduced, the centralized interference mitigation algorithm needs to be started frequently to ease inter-cell interference. Therefore, the BBU pool is overloaded, especially when the network size is too large. Also, in literature [10] , there is room for further improvement in terms of energy efficiency and running overhead.
To address these issues, we introduce relay-aided in-band D2D communications into C-RAN-Based underlaying cellular networks to lower the transmission powers of cellular UEs at the cell-edge. Also, due to the reduction in transmission power, the search range for co-interference sources between the cells needs to be narrowed for the purpose of reducing the running cost of the algorithm. In summary, the main contributions in this paper are refined as follows.
1) we propose an in-band D2D relay selection strategy and design the corresponding in-band D2D relay selection algorithm, which can select the appropriate relays for all cellular UEs at the cell-edge.
2) we model the resource allocation problem among the cellular UEs without the corresponding in-band D2D relays, the in-band D2D pairs, and the in-band D2D relays as an upward cellular resource allocation non-cooperative game, where each game player optimizes its Energy Efficiency (EE) under the maximum transmission power constraint.
3) we also model the resource allocation problem among the cellular UEs with the corresponding in-band D2D relays as a downward cellular resource allocation non-cooperative game, where each game player optimizes its Spectrum Efficiency (SE) under the maximum transmission power constraint and the SE (determined by the EE value in Nash equilibrium of its corresponding in-band D2D relay) constraint.
4) the proposed game-theoretic scheme has a hybrid structure, that is, under the unified scheduling of BBU pool, individual UEs perform the game process independently, which not only simplifies the game process control, but also facilitates the network scale expansion. Also, the scheme can reduce the running cost by reducing the search scope, and further improve the energy efficiency by reducing the transmission power of the cell-edge UEs.
5) the centralized interference mitigation algorithm in [10] can be easily integrated into the scheme in this paper, but its startup frequency can be reduced, since the transmission power reduction of cell-edge UEs leads to the smaller inter-cell interference.
The remainder of this paper is organized as follows: In Section II, we give a brief overview of the state of the art. In Section III and IV, we introduce the system model of D2D communications underlaying C-RAN and the corresponding problem formulation respectively. In Section V and VI, we discuss our two resource allocation game schemes in detail. We introduce the simulation parameters, results, and analyses in Section VII. Finally, we summarize our results and give the conclusions in Section VIII.
II. RELATED WORK
There are some works on resource allocation problems in wireless relay-aided scenarios [11] , [12] However, these works aim at optimizing SE instead of EE. Moreover, they are not designed for C-RAN architecture. Also, there are some works that have focused on the problems in terms of energyefficient resource allocation [13] - [15] . Although the authors consider relay-aided mode in their studies, they address it in the conventional single-cell scenario instead of C-RAN architecture.
Although C-RAN has the many advantages, there are various studies to overcome the challenges from different aspects (e.g., RRH, BBU, and fronthaul) in both the academia and the industry. Shi et al. [16] presented a Group Sparsebased Beamforming approach (GSB), which can minimize downlink power consumption of RRHs and fronthaul links in the C-RAN. Lyazidi et al. [17] addressed the problem of downward resource allocation and admission control for the C-RAN based on Orthogonal Frequency Division Multiple Access (OFDMA), which can maximize the throughput while minimizing the transmission power.
Lyazidi et al. [18] addressed the downward resource allocation problem, and proposed a centralized framework into which dynamic resource allocation, transmission power minimization and BBU-RRH assignment are integrated. Liao et al. [19] discussed the computational resource consumption problem of BBU and characterized the relationship between the resources consumed by BBU and the signal transmitted to the UEs. Mishra et al. [20] designed a lightweight load-aware algorithm, which can minimize the number of active BBUs that are required to cope with computational load demands coming from RRHs.
The literatures [21] , [22] explored the energy efficient resource allocation in heterogeneous C-RAN. Peng et al. [21] proposed an enhanced Soft Fractional Frequency Reuse (S-FFR) scheme to improve the performance of the cell-center users, while Liu et al. [22] introduced a model for alleviating the owner consumption, where the average minimum data rate and the limited fronthaul capacity are the two constraints of the model. Aqeeli et al. [23] believed that the overall performance of the system was tightly correlated to the efficiency for mapping computational resources from BBUs to RRHs. Therefore, in order to achieve efficient resource allocation, they proposed the optimal allocation scheme of computational resources between RRHs and BBUs.
The above works on the basis of C-RAN architecture do not consider integrating D2D communication into their solutions, but some works take this into account. For example, the literature [24] discussed how to introduce D2D communications into C-RAN to offer flexible control by employing resource allocation schemes and centralized network coordination methods. The literature [25] considered the D2D solution in C-RAN networks to handle the fronthaul delay, where the authors proposed a novel architecture for Mobile CrowdSensing (MCS) by combining C-RAN (that can reduce the increasing costs experienced by network operators) with D2D communication (that is an effective communication mode for reducing delay between links).
The above C-RAN-based schemes do not consider the detailed game modeling of complex interference scenarios, but the literature [10] considers this case, where the in-band upward resources are shared between cellular UEs and D2D communication pairs by designing a non-cooperative game scheme. However, the transmission powers of cellular UEs at the cell-edge cannot be significantly reduced, which will lead to strong inter-cell interference. Although the centralized interference cancellation and mitigation algorithm can be employed to reduce such interference, it is invoked only if the inter-cell interference exceeds a certain threshold. Otherwise, the processing load of BBUs will be too large.
Therefore, in this paper, we will explore how to effectively reduce the transmission powers of cellular UEs at the cell-edge by introducing D2D relay mode to build the new game model of resource allocation. The newly introduced D2D relay links may adopt either out-band D2D communication mode or in-band D2D communication mode. Due to the uncontrollability of out-band D2D resources, we will adopt in-band D2D communication. Also, in order to avoid aggravating the competition of in-band upward resources, the corresponding in-band downward resources can be reused in D2D relay links for upward transmission. In such the Internet application as mobile crowdsensing, the upward transmission of perceived data takes up most of the transferring time, therefore, it is feasible that downward resources are reused to transfer upward data.
III. SYSTEM MODEL
A. C-RAN ARCHITECTURE Fig.1 shows the general architecture of D2D communications underlaying C-RAN in the form of three cells. Besides cellular UEs, in-band D2D pairs, a BBU pool, RRHs, fronthaul links, there are also in-band D2D relays in the C-RAN of this paper. To illustrate the relations of different units in C-RAN clearly, we do not show UEs in Fig.1 , which will be further discussed in Fig. 2 . In the uplink scenario, RRHs receive the wireless signals from UEs and forward them to the BBU pool by fronthaul links with high bandwidth and low latency [26] . Then the BBU pool further processes the baseband signals and sends them to the core network by high-speed backhaul links. In the downlink scenario, the above courses are reversed.
Since in-band D2D relays can reduce the transmission power of cellular UEs at cell-edge and thus narrow the intercell interference range, it is unnecessary to take all other cells into consideration when estimating the inter-cell interference suffered by a UE in a certain cell. Therefore, we divide a cell into three subcells and take a subcell (e.g., subcell m in Fig.1 ) as the object of concern to discuss its inter-cell interference range. Obviously, the inter-cell interference of any receivingend in subcell m is mainly coming from the transmitting-ends in subcell m 1 and subcell m 2 in Fig.1 .
We focus on the uplink resource sharing scenario [10] , in which in-band D2D UEs are planned to reuse the uplink spectrum resources allocated to cellular UEs. Fig. 2 shows an example of the intricate interference environment of one active subcell m contained in cell m 0 and its two neighboring subcells (e.g., m 1 and m 2 ), where the circles with different fillers or the triangle represent the UEs with different identities, and the number in each circle or triangle represents the ID of channel used by the UE.
Since cellular UEs in a cell are allocated with orthogonal resource blocks in LTE-A, they only suffer inter-cell interference, i.e., suffer no intra-cell interferences. As a result, when the RRH 1 is receiving the data from a cellular UE that is using the channel 2, it suffers from the intra-cell interference caused by the in-band D2D transmitter that is reusing the channel 2 in the same cell as shown in Fig. 2(a) . Also, when the RRH 2 is receiving the data from a cellular UE that is using the channel 2, it suffers from the inter-cell interference caused by the in-band D2D transmitter that is reusing the channel 2 in the adjacent cell as shown in Fig. 2(b) . In addition, when theRRH 3 is receiving the data from a cellular UE that is using the channel 1, it suffers from the inter-cell interference caused by the in-band D2D relay since this relay is also using the channel 1 to forward data for a cellular UE in the adjacent cell, as shown in Fig. 2(b) . However, the RRH 3 will suffer from the smaller inter-cell interference, since this in-band D2D relay is further away from the RRH 3 than the corresponding cellular UE, and thus its interfering power is smaller. Moreover, this in-band D2D relay can adopt the lower transmission power since it's closer to the destination than the corresponding cellular UE. In addition, when selecting an in-band D2D relay for help, a cellular UE gives its original channel to its D2D relay and then reuses the corresponding downlink channel for transmitting data to its D2D relay, and thus it doesn't interfere with the RRH 3 . VOLUME 7, 2019
B. SE AND POWER CONSUMPTION
For simplicity and without loss of generality, as mentioned in the above text, take subcell m (i.e., its general shape is a square parallelogram H 1 AOC, as shown in Fig.1 or Fig.2(a) ) as the object of concern, where m ∈ {1, 2, . . . The SE (defined as bits/s/Hz) of the ith in-band D2D pair in subcell m(i ∈ N m ) is given by the following formula.
In (1) i,m are the intra-cell interferences brought from in-band D2D pairs and cellular UEs respectively, and are given by the following formulas.
In ( i,m are the inter-cell interferences brought from in-band D2D pairs and cellular UEs respectively, and are given by the following formulas. Similarly, the SE of the kth cellular UE in subcell m is given by the following formula.
is the intra-cell interference brought from in-band D2D pairs, and is given by the following formula.
is the intra-cell interference from the ith in-band D2D interferer in cell m 0 to the kth cellular channel in subcell m. B d k,m and B c k,m are the inter-cell interferences brought from in-band D2D pairs and cellular UEs, respectively, and are given by the following formulas. The achievable SE of the in-band D2D relay link from the kth cellular UE (k ∈ K m ) to the jth in-band D2D relay (j ∈ R m ) in subcell m is given by the following formula.
8362 VOLUME 7, 2019 In (1), p r k,j,m is the transmission power adopted by the kth cellular UE in subcell m when it transmits to the jth in-band D2D relay, where the kth cellular UE reuses its downlink channel to send data to the jth in-band D2D relay; g r k,j,m is the channel attenuation of desired signal in the in-band D2D relay link.
Since this in-band D2D relay link reuses the downlink channel resource of the kth cellular UE, there is no intra-cell interference brought from the transmitters of other in-band D2D relay links in cell m 0 . B r k,j,m is the inter-cell interference brought from the transmitters of other in-band D2D relay links, and is given by the following formula.
is the inter-cell interference from the kth cellular UE in subcell m 1 or m 2 to the jth in-band D2D relay in subcell m on the cellular downlink channel.
The achievable upward SE of the kth cellular UE (k ∈ K m ) via the jth in-band D2D relay (j ∈ R m ) is estimated by the following formula
In (9), t r k,j,m and t k j,m are the transmitting time of downward link and upward link in a complete period, that is, we focus on the time division duplexing (TDD) system, and the bandwidth of the two links are equal, which are omitted here. C k j,m is the upward SE from the jth in-band D2D relay (j ∈ R m ) to the RRH through using the upward resource block of the kth cellular UE, which is estimated by the following formula.
In (10), p k j,m · g k j,m is the desired relay signal received at RRH 1 from the jth in-band D2D relay over the upward resource block of the kth cellular UE. A k,d j,m is the intra-cell interference brought from in-band D2D pairs in cell m 0 , and is given by the following formula. 
is the inter-cell interference from the ith in-band D2D interferer in subcell m 1 to the jth in-band D2D relay over the kth cellular channel in subcell m; p c
is the inter-cell interference from the kth cellular interferer in subcell m 1 or m 2 to the jth in-band D2D relay over the kth cellular channel in subcell m. Also,
is the inter-cell interference from the j th in-band D2D relay in subcell m 1 or m 2 to the jth in-band D2D relay over the kth cellular channel in subcell m.
The total power consumptions are given by the following formulas.
In (13) , and the circuit power of both the in-band D2D transmitter and receiver, i.e., 2 p c . The circuit power of each UE is assumed as the same and is denoted as p c . η is the power amplifier (PA) efficiency, i.e., 0 < η < 1.
In (14) , p c,t k,m is the total power consumption of the kth cellular UE when it directly communicates with RRH 1 , which is made up of the transmission power p c k,m η and the circuit power only at the transmitter side. The power consumption of RRHs is not taken into consideration since RRHs are usually powered by external grid power. Also, in (15),p k,t j,m is the total power consumption of the jth in-band D2D relay when it directly communicates with RRH 1 , i.e., it is selected by the kth cellular UE to forward data.
In (16), p r,t k,j,m is the total power consumption of the in-band D2D relay link from the kth cellular UE (k ∈ K m ) to the jth in-band D2D relay (j ∈ R m ), which is made up of the transmission power To improve the clarity, the key notations of this subsection have been summarized in Table I .
C. RELAY STRATEGIES
In this paper, the main purpose of selecting relays is to effectively reduce transmitting powers of transmitting ends while ensuring the receiving quality of their target receiving ends. Therefore, if a channel quality is good, it is conducive to ensuring the receiving quality and reducing the transmitting power. However, the channel quality mainly depends on the distance and path loss exponent between a transmitting end and its target receiving end, and the influence factors related to small scale attenuation in this channel.
Due to the randomness of path loss exponent and small scale attenuation factors, we only consider the distance to construct the relay selection scheme. Also, since the relay selection only requires a comparison based on the same benchmark instead of accurate values, it hardly affects the selection effect. The in-band D2D relay selecting strategy for the kth cellular UE in subcell m is given by the following formulas.
FIGURE 3. The in-band D2D relay selecting strategy for cellular UEs.
In (17), D c k,m denotes the distance from the kth cellular UE to the RRH in subcell m; D k j,m denotes the distance from the jth in-band D2D relay to the RRH in subcell m; D r k,j,m denotes the distance from the kth cellular UE to the jth in-band D2D relay in subcell m; R denotes the coverage radius of the RRH; λ is an adjustment parameter. As shown in Fig.3 , (17-1) and (17-2) guarantee that the kth cellular UE is at least λ·R away from the corresponding RRH, i.e., the area is close to the outer ring of RRH coverage. guarantees that the large scale path loss is smaller if the kth cellular UE selects the jth in-band D2D relay to forward its data to its associated RRH. guarantees that the relative deviation of the lengths of the two links (i.e., D r k,j,m and D k j,m ) is as little as possible.
D. CHANNEL ATTENUATIONS
In this paper, channel attenuations are estimated by (18) , which is combined by the free space model and the two-ray ground model [27] .
In (18) g t,r and d t,r are the channel attenuation and distance from transmitter t to receiver r. G t and G r are the transmitting antenna gain and the receiving antenna gain respectively, while h t and h r are the transmitting antenna height and the receiving antenna height respectively. and l are the signal wavelength and system loss factor.
IV. PROBLEM FORMULATION A. PROBLEM FORMULATION FOR UPWARD RESOURCE SHARING AND POWER ALLOCATION
As mentioned in [10] , UEs are rational and selfish, so that they only focus on maximizing their individual utilities in the distributed resource allocation scenario. Therefore, the distributed power allocation problem can be modeled as a noncooperative game , which can be described as the triplet =< N, Z, E >. N = {N 1 , . . . , N m , . . . , N M } is the set of active UEs participating in the game for upward resource sharing and power allocation, where
That is to say, the game players in every subcell include the in-band D2D transmitting UEs (on behalf of in-band D2D pairs, i.e., N m ) and the cellular UEs that decide not to use any relay (i.e., K c m ), as well as the in-band D2D relays that participate in the game on behalf of the cellular UEs (i.e., M m ). The parameter s r k,m is the binary relay selection indicator, i.e., s r k,m =1 means that the kth cellular UE in subcell m decides not to use any relay, and otherwise, s r k,m =0. 
To be more general, the transmission power and channel selection strategy set of the ith in-band D2D pair
i,m }. The transmission power strategy set of kth cellular UE in subcell m is denoted
If the kth cellular UE selects the jth in-band D2D relay to forward its data to the RRH in subcell m, the relay will take its place in the above game and the strategy set is The utility function is defined as the EE (bits/J/Hz), which is the ratio of SE to power consumption [10] . Accordingly, the EE of the ith in-band D2D pair in subcell m is given by the following formula.
The corresponding EE optimization problem is formulated as follows.
In (20), maximum transmission power constraint C 1 and channel selection constraint C 2 constitute the aforementioned strategy set of the ith in-band D2D pair in subcell m.
Similarly, for the kth cellular UE in subcell m, if it decides not to use any relay, its utility function (i.e., the EE of the link from the kth cellular UE to the RRH) is formulated in (21) . Otherwise, when it selects the jth in-band D2D relay to forward its data to the RRH, the corresponding utility function (i.e., the EE of the link from the jth in-band D2D relay to the RRH) is formulated in (22) .
The corresponding EE optimization problems are formulated in (23) and (24) respectively.
In (23∼24), C 3 and C 4 are maximum transmission power constraints corresponding to the transmission power strategies of the kth cellular UE in subcell m when not use and use the jth in-band D2D relay respectively.
The challenge when solving the above optimization problems is that the problems are nonconcave due to the fractional form and Boolean variables, where the concave optimizations cannot be adopted.
B. PROBLEM FORMULATION FOR DOWNWARD RESOURCE SHARING AND POWER ALLOCATION
Similar to subsection A, downward resource sharing and power allocation problem is modeled as a noncooperative game r =< K r , Z, U >.
That is to say, K r m is the set of the cellular UEs that decide to use the in-band D2D relays in subcell m, and thus each member in K r m needs to send its data to its selected relay by using its downward channel. And as stated in subsection A, Z = {Z 1 , . . . , Z m , . . . , Z M } is the set of possible strategies that UEs can take in the game.
Next, let's begin with the assumption that the utility function is also defined as the EE intuitively. That is to say, U = {E r 1 , . . . , E r m , . . . , E r M } is the set of UEs' utilities, where
,m is the EE of the link from the kth cellular UE (k ∈ K r m ) to its selected jth in-band D2D relay (j ∈ M m ) and is given by the VOLUME 7, 2019 following formula.
Generally, (26) and (22) optimize the EE of two different parts of a complete relay link from the kth cellular UE to the RRH via the jth in-band D2D relay, where the former optimizes the part from the kth cellular UE to the jth in-band D2D relay and the latter optimizes the part from the jth in-band D2D relay to the RRH.
However, problems (22) and (26) , is usually a fixed value to all complete relay links. Therefore, the SE of complete relay links estimated by (9) can be subject to either part of it, i.e., C r k,j,m t r k,j,m or C k j,m t k j,m . That is to say, one of them will decrease in the transmission process until it is equal to the other one. Accordingly, both the game results in the upward resource allocation and in the downward resource allocation are not in the steady state and are wasting spectrum resource.
To tackle this problem, the joint optimization of above two parts of the link can be a good choice. However, the joint optimization will introduce a transcendental equation when obtaining the best solution (see Appendix for detail), which means an extra time cost to find its arithmetic solution. Hence, we don't adopt this method.
Here, let's turn to taking the SE as the utility function in game r . That is, U = {C 1 , . . . , C m , . . . , C M } is the set of UEs' utilities, where C m = C K r m } and C K r m = {µ r k,m |k ∈ K r m . When the kth cellular UE (k ∈ K r m ) selects the jth in-band D2D relay (j ∈ M m ) to forward its data to the RRH in subcell m, the correspond utility function is defined as follows.
The corresponding SE optimization problem is formulated as follows.
Since game r regards the SE as the utility and game takes the EE as the utility, on the one hand, game has the larger number of game players (interferers) than game r . On the other hand, game r tends to trade higher transmission power (i.e., p r k,j,m ) for higher SE (i.e., C r k,j,m ). Therefore, the SE in game is relatively poorer than that in game r , i.e., C r k,j,m > C k j,m . Hence, in formula (9), when Here we can see, there are only unsteady state and spectrum resource wasting in the part from the kth cellular UE to the jth in-band D2D relay of the complete relay link when the time ratio is in a reasonable range. The challenge in game r is how to select the appropriate time ratio to reduce the resource wasting and quickly match the SE to that in the part from the jth in-band D2D relay to the RRH. In other words, compared to the method of joint optimization, we focus on a method which have a lower time complexity and the least possible resource wasting.
V. THE ENERGY-EFFICIENT RESOURCE ALLOCATION SCHEME
To address the challenges mentioned in subsection IV-A, the objective function transformation including nonlinear fractional programming and constraint relaxation is firstly introduced to handle the nonconcave problem. Then, the iterative algorithm based on the Dinkelbach's method and Lagrangian duality theory is proposed to solve the transformed problem. Also, to address the challenges mentioned in subsection IV-B, a quick matching method is proposed in this section.
A. Objective Function Transformation
Taking function (19) for example, let µ And we have the following theorem which can be easily proved in a similar way to [28] . 
Theorem 1 shows that an original function in fractional form can be transformed into a new function in subtractive form. And in the case of original function (29) , the new function is concave. Therefore, we let the transformed function be the new objective function and thus problem (20) can be rewritten as follows.
However, due to the Boolean variables S d i,m , (31) is still a MINLP (Mixed-Integer Nonlinear Programming) problem, which means we need the exhaustive search to obtain the optimum solution. Therefore, we relax every s d i,m from a Boolean value to a real number between 0 and 1 to handle the problem [29] . Then, s k i,m can be explained as a time-sharing factor for N m in-band D2D pairs to utilize the kth channel.
The duality gap of the relaxation becomes negligible as the number of channels becomes sufficiently large [30] and formula (19) and problem (31) can be rewritten as follows.
Similarly, let µ c, * k,m be the maximum achievable EE of the kth cellular UE in subcell m, problem (23) can be rewritten as follows.
Also, let µ k, * j,m be the maximum achievable EE of the link from jth in-band D2D relay to the RRH over the kth cellular upward channel in subcell m, problem (24) can be rewritten as follows.
However, the value of µ (33) (34) and (35) to be (or close to be) 0, we adopt an iterative algorithm based on Dinkelbach's method [28] . At each iteration, the following problems (36) (37) and (38) corresponding to problems (33) (34) and (35) are solved.
The initial values of µ d i,m , µ d i,m and µ k j,m are set as a positive value close to 0 (e.g., 10 −4 ). And the iterations will continue until the maximum values of problems (36) (37) and (38) are very close to 0 respectively. Otherwise, we set j,m = µ k j,m . Nevertheless, the ways to obtain the maximum values of (36) (37) (38) are still unknown. Since the object functions of problems (36), (37) and (38) are concave associated with P d i,m , P c k,m and P k j,m respectively, the Lagrange duality theory can be adopted to find the optimum strategies [31] . Taking problem (36) for example, the associated generalized Lagrangian function is given by as follows.
In (39), α d i,m is the Lagrange multiplier associated with C 1 . The primal problem associated with (39) is given by as follows.
Problem (40) is still hard to be solved since 
We still solve the dual problem (41) iteratively. At each iteration, we first obtain the currently optimum strategies P d i,m by (42), as shown at the bottom of this page, which is from 
) changes very little compared to it in the last iteration, i.e., meets the precision, the iteration is over and (43) for the next iteration using gradient method [32] .
where τ is the iteration index, ζ is the positive step size, and the minus means the negative gradient direction to find the minimum value in (41). The initial value of L EE (P d i,m , α d i,m ) and ζ are recommended to be set as big numbers. Ideally, the iteration should produce a sequence of decreasing values of
) largens in any iteration, it means ζ in the last iteration is too big and we just reduce it and recompute the α d i,m in the last iteration. The optimization problems (37) and (38) can be solved in a similar way. In order to save space, only the key formulas are listed as from (44) to (49), as shown at the top of this page, where α c k,m is the Lagrange multiplier associated with the constraint C 3 , while α k j,m is the similar variable to α c k,m , which is associated with the constraint C 4 .
B. QUICK SE MATCHING AND COMPLEXITY ANALYSIS
In subsection V-A and V-B, we have addressed the challenges mentioned in subsection IV-A and successfully solve the maximum EE problems in game , from which we have C k j,m (P k, * j,m ). In this subsection, we will face the challenges mentioned in subsection IV-B, i.e., how to match . Then the new matching SE is given by as follows. As we can see, compared to game , there is no iterations in game r , which means the SE matching is quick and game r has low time complexity. Specifically speaking, taking (22) in game for example, the total complexity 
, our method do have a lower time complexity and the least possible resource wasting.
VI. SYSTEM ARCHITECTURE AND IMPLEMENTATION

A. ALGORITHM DESCRIPTION
Both the non-cooperative game and r have the hybrid architecture. In the prepare phase, the RRHs first collect every UE's information (e.g. location) and send them to the BBU pool. Then, the BBU pool calculates for assigning the in-band D2D relays and returns the allocation results to RRHs. Last, the RRHs report the allocation results and information of other UEs to every UE.
In the game phase, every gamer individually optimizes its EE basing on the new received game information (i.e., transmission power) and reports its new transmission power strategy to the associated RRH. The RRHs periodically broadcast the new collected game information to every associated gamer, until the average power of all gamers converges. Then, the game is over and a Nash equilibrium has been reached.
In the game r phase, the BBU pool calculates the time ratio according to the Nash equilibrium point of game r which can be directly obtained, and send it to every gamer via RRHs. Next, every gamer directly calculates its new matching SE and the associated power strategy, and report it to the RRHs. Similarly, the RRHs periodically broadcast the new collected power strategies to every gamer, until the average power of all gamers converges.
For clarity, the complete process is described as algorithm 1, 2, 3, and 4. As a center of centralized processors, the BBU pool has the following data structures to store the UEs' information, which is also helpful to describe algorithms. , where p j,k (p j,k ∈ P R x ,K x ) denotes the transmission power that is allocated to the jth (j ∈ R x ) in-band D2D relay on in-band channel k(k ∈ K x ) in downlink resource.
P K x ,R x is the transmission power allocation matrix of cellular UEs after assigning the in-band D2D relays in cell m 0 or subcell m, m 1 , m 2 
denotes the transmission power that is allocated to the transmitter in in-band D2D relay link from the kth (k ∈ K x ) cellular UE to the jth (j ∈ R x ) in-band D2D relay.
The in-band D2D relay selection is executed by BBU pool, and the corresponding pseudocode description is given in Algorithm 2, where the value -1 of transmission power denotes the link is not available, while the value 0 is on the contrary and it is the initial value in games.
B. NASH EQUILIBRIUM ANALYSIS
A Nash equilibrium is a set of strategies that any gamer cannot unilaterally improve its utility by changing its strategy. According to the set N m of subcell m, determine its corresponding N m0 , N m1 , and N m2 10.
According to the set K c m of subcell m, determine its
According to the set R m of subcell m, determine its (
Broadcast the above information to the gamers in set Calculate C r k,j,m of every gamer in K r m by (7), and find out min{ 
For j ∈ R m do 4.
If k and j meet the inequalities defined in (17) then 5.
End if 8.
End for 9. End for
Theorem 2: The optimal strategy set {P
Proof: According to [33] , a Nash equilibrium exists if the utility function is continuous and quasi-concave, and the set of strategies is a nonempty compact convex subset of a Euclidean space. In the EE objection functions (32) (21) and (22) , the numerators are concave functions, while the denominators are affine functions. Therefore, (32) (21) and (22) Algorithm 3 In-Band Upward Resource Allocation Game Process Compute 23 . 
Theorem 3:
The optimal strategy set {p r, * k,j,m |∀k ∈ K r m , ∀j ∈ M m , ∀m ∈ {1, 2, . . . , M }} in game r =< K r , Z , U >, constitutes a Nash equilibrium.
Proof: The proof of Theorem 3 is similar to that of Theorem 2, which is omitted here to save space.
VII. PERFORMANCE EVALUATION A. SIMULATION SETTING
In this section, we present the simulation results and analyze the performance of our proposed energy-efficient resource allocation scheme. Table II summarizes the values of simulation parameters. To set up the simulations, there are the following instructions.
a) The simulation results are based on many times of simulations. In each simulation, the location of every UE is random.
b) We employ plenty of in-band D2D relay UEs to observe the effects of the variable parameters. c) Considering the influence on the simulation results brought from the time ratio where (53) is the EE of the complete link, and (52) is the EE of the relay part of the complete link. The time ratio mentioned in c) has been taken into consideration and the total power consumptions (15) and (16) e) Since we focus on the performance on improving the SE and the EE of cellular UEs and in-band D2D pairs, we don't do statistics on the SE and the EE of in-band D2D relays. B. SIMULATION RESULTS 1) CONVERGENCE OF GAME Fig. 4 shows the average transmission power and EE of all the game players in game from the 1 st to the 20 th round, where the convergence tolerance 1 in Algorithm 1 is not adopted here. We can see that, as the game is going on, the average transmission power of all the UEs quickly increases and then converges while the average EE is on the contrary. And most of the games will be end at the 8 th or the 9 th round. Furthermore, the average EE converges at the precision of 10 −2 and the average transmission power converges at the precision of 10 −5 . Hence, both of them can be used as VOLUME 7, 2019 the convergence criterion of the game. However, as described in subsection A, RRHs should periodically broadcast the new collected transmission powers of other game players to each associated gamer, that is, the average transmission power is the better convergence criterion. Otherwise, each game player should report its new EE, which will cause an extra network overhead. 
2) EFFECT OF λ ON THE SE AND THE EE OF UEs
The average SE and the average EE of in-band D2D UEs and cellular UEs versus λ are illustrated in Fig. 5 and Fig. 6 respectively. λ is given by a series of specific values, which is (0, 0.227348, 0.321519, 0.393778, 0.454696, 0.508366, 0.556887, 0.601506, 0.643037, 0.682044, 0.718937, 0.754028, 0.787557, 0.819715, 0.850658). In every interval of the above λ series, all the area is one-sixteenth of a regular hexagon, while the last interval is (0.850658, 1), whose area is two-sixteenth of a regular hexagon. Hence, the cellular UEs and in-band D2D relay UEs are distributed uniformly with the λR of cells. In every interval, there is one cellular UEs and three in-band D2D relay UEs. And in the last interval, there are only two cellular UEs. In other words, we distribute UEs by the above method to make UEs distributed more uniformly and make the effect of λ on the average SE and the average EE of UEs changes obviously, e.g., there is no difference on the average SE and the average EE when λ =1 and λ =2 if we give λ with a normal sequence.
As we can see in Fig. 5 and Fig. 6 , with the growing λ, both the average SE and the average EE of in-band D2D pairs present ladderlike increasement. We consider it is because with the growing λ, the time ratio varies since the interference source to the cellular UE which has minimum
can no longer use relays. However, both of them are lower than the average SE and the average EE in no-relay scenario. We speculate it is because cellular UEs have scrambled more spectrum resource by using in-band D2D relays. In another aspect, the EE r of cellular UEs shows huge improvement when compared to the average EE in no-relay scenario. However, EE r only focus on the relay part of the complete link via in-band D2D relays, which means ignoring the EE of another part. As a result, when adopting λ which makes EE r in high level, relay UEs may quickly run out of their dump energy and thus the cellular UEs can only communicate with RRH in high EE for short time. Hence, we can comprehensively consider the EE of two parts of the complete link, i.e., EE c . The EE c of cellular UEs first increases and then decreases in Fig. 6 as well as the average SE of them in Fig. 5 . When λ ≤ 0.643037, the average SE is lower than that in no-relay scenario, which indicates that there is strong interference when allowing too many cellular UEs to use relays. Both the EE c and average SE of cellular UEs have the best performance when λ = 0.754028. However, it can be intuitively observed that the increase rate of EE c is much lower than that of EE r when compare them with the average EE of cellular UEs in no-relay scenario. The main reason is that the EE c considers the transmission power of two times amount of UEs.
3) EFFECT OF RRH's ANTENNA HEIGHT ON THE SE AND THE EE OF UEs
In our simulations, the UEs' antenna height is set to be 1m, which is the normal height when we are using our smartphones. However, the RRH's antenna height in our scheme is alterable, and it's worthy to study its influence on the performances of our scheme. Fig. 7 and Fig. 8 respectively show the average SE and the average EE of in-band D2D UEs and cellular UEs versus RRH's antenna height from 1m to 6m. It is demonstrated that the average SE and the average EE of in-band D2D UEs increase all the time with the growing RRH's antenna height, while the average SE, average EE c and average EE c of cellular UEs first increase, then decrease slightly, and finally flatten out.
Moreover, we can find that both the maximum average SE and average EE of cellular UEs occur on the RRH's antenna height of 2.5m in no-relay scenario, while they occur on the RRH's antenna height of 2m in relay scenario. The above results are mainly caused by the propagation model (i.e., (18) ) that we use in this paper.
As a matter of fact, it's best that when adopting the free space model and the two-ray ground model, the desired cellular signals are transmitted by the free space model (i.e., in the signal attenuation of d 2 t,r ), while the interfering cellular signals from other cells are transmitted by the two-ray ground model (i.e., in the signal attenuation of d 4 t,r ). When using the simulation parameters in Table I , the 4π √ lh t h r in (18) is 100.53h r (m), which called the crossover distance in some other articles, where h r is the RRH's antenna height. When h r = 3, the crossover distance is a little larger than the coverage radius of the RRH (i.e., 300m), which is to say, there may be some cellular UEs in other cells are interfering in the signal attenuation of d 2 t,r . Thus, h r = 2.5 is a better setting in no-relay scenario. However, in relay scenario, the cellular signals have been shortened since the cellular UEs on the edge of cells use relays. Hence, the crossover distance had better to be also shortened. That is, the simulation results show that the h r = 2 is the best setting in relay scenario. Fig. 9 and Fig. 10 respectively show the average SE and the average EE of in-band D2D UEs and cellular UEs versus the noise power from 10 −14 to 10 −7 . As shown in figures, all the average SE and the average EE of in-band D2D UEs and cellular UEs decrease quickly with the exponentially growing noise power as expected, and so do the increase rate of average SE and EE between the relay scenario and no-relay scenario. When N 0 ≥ 10 −9 , the average SE and the average EE of the whole network are very close to zero. Since the noise usually is the thermal noise, whose power is usually at the magnitude about 10 −14 , we set N 0 = 10 −14 to estimate the performance of our scheme.
4) EFFECT OF N 0 ON THE SE AND THE EE OF UEs
As shown in the figures of this section, when adopt λ = 0.754028, 2m RRH's antenna and N 0 = 10 −14 , the average SE, average EE c and average EE r of cellular UEs can be improved by 12.80%, 5.46% and 23.57% respectively. Meanwhile, the average SE and the average EE of in-band D2D pairs are reduced by 14.75% and 15.07%, which is acceptable since the SE and the EE of in-band D2D pairs is high enough due to the short distance of every pair of them. VOLUME 7, 2019 
VIII. CONCLUSION
In this paper, we propose an energy-efficient resource allocation scheme in D2D communications underlaying C-RAN by adopting relay-aided in-band D2D communication to improve the SE and the EE of cellular UEs. We explore the resource allocation problem in a hybrid manner and model it as two non-cooperative games, where each in-band D2D transmitter, cellular UE without relay and in-band D2D relaying UE optimizes its EE individually with the aid of RRHs in the first game and each cellular UE with relay matches SE in the second game. We obtain the optimal strategy of each UE in the first game by constraint relaxation, nonlinear fractional programming, Dinkelbach's method and Lagrangian duality theory. The simulation results show that the average SE of cellular UEs can be improved by 12.80%, while the average EE of them can be improved by 23.57% or 5.46% when using two different indicators.
Our scheme is sensitive to the min{ }, which determines the time ratio of uplink and downlink for all UEs. In our future works, we plan to enhance the cross-cell cooperation, where we can avoid two cellular UEs which reuse the same downward resource getting too close. Thus, the above minimum ratio can increase.
APPENDIX THE HIGH TIME COMPLEXITY OF JOINT OPTIMIZATION
As mentioned in IV-B, (22) and (26) optimizing the EE individually will result in a large value and a small value in C r k,j,m t r k,j,m and C k j,m t k j,m , where the large one will decrease to be equal to the small one at last. Therefore, we can consider Under the above consideration, the path including relay link participates in the game, but not any link of it. The SE of the complete relay link has been given by (9) , while the EE and corresponding optimization problem are given by 
Next, when using Lagrange duality theory as mentioned in V-B to solve (57) in every Dinkelbach's method iteration, the associated Lagrangian function is given by (58), as shown at the bottom of this page. Then, we must solve (59), as shown at the bottom of this page, which is from 
